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Abstract
We have studied a natural mineral Cu3(OH)4MoO4 (mineral name: szenicsite), which is charac-
terized as S = 1/2 triple-chain antiferromagnet, by measurements of the magnetic susceptibility
χ and 1H-NMR in order to determine the low temperature magnetic state from a microscopic
viewpoint. χ(T ) was ﬁtted fairly well by the sum of isolated uniform antiferromagnetic chains
and a small amount of paramagnetic impurities. The width of 1H-NMR spectrum increased with
decreasing temperature, suggesting inhomogeneous broadening due to impurity moments. The
shift of the spectrum showed a maximum at approximately 70 K and continuously decreased
with decreasing temperature to the lowest temperature of 1.5 K. 1D nature of this compound
was also suggested from temperature and ﬁeld dependences of the nuclear spin-lattice relaxation
time T1. We also found that the nuclear spin-spin relaxation time T2 depended on the RF pulse
power, which suggests that a relaxation process among proton spins contributes signiﬁcantly
to the T2. No magnetic long-range ordering was found. These results suggest that the intrinsic
magnetic properties of Cu3(OH)4MoO4 in the temperature range down to 1.5 K are close to
those of uniform antiferromagnetic chains without a spin gap.
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1 Introduction
Geometrically frustrated magnets on low dimensional lattices with S = 1/2 spins have been
attracting much interest because quantum eﬀects are expected to appear in these systems due
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to the absence of a long range ordering (LRO). In recent times, much attention has been paid
to peculiar magnetic properties of spin-1/2 triple chains, realized in Cu3(OH)4MO4 (M=Mo,
S), which is a new category of frustrated quantum quasi-one-dimensional (1D) system.
In Cu3(OH)4MoO4 (mineral name: szenicsite), there exists a triple-chain structure of Cu
2+
(S = 1/2) which forms a ribbon of isosceles triangles along the crystallographic c-axis as
shown in Fig. 1(a) [1]. As reported in our previous study [5], the magnetic susceptibility
of Cu3(OH)4MoO4 showed a broad maximum around 80 K and the magnetization increased
smoothly up to 48 T. Furthermore, no LRO was observed in the speciﬁc heat measurements
down to 2 K. These results were qualitatively explained with a naive model of three identical
antiferromagnetic Heisenberg spin-1/2 chains (S = 1/2 1D HAF) without interchain interactions
as illustrated in Fig. 1(a). However, because of a divergent behavior of the susceptibility below
20 K attributed to the contributions from paramagnetic impurities, intrinsic susceptibility of
the bulk sample is still unclear.
In contrast, Cu3(OH)4SO4 (mineral name: antlerite), which has been recognized as a triple-
chain system with a similar structure to that of Cu3(OH)4MoO4, has been intensively studied
since the suggestion of the “idle spin” state in its magnetically ordered phase [3, 4, 6, 8, 10, 11].
Furthermore, a quite intricate magnetic phase diagram was found for Cu3(OH)4SO4 below
TN ∼ 5.5 K when the ﬁeld was applied perpendicular to the chain [4], suggesting possible
incorporation of eﬀects of spin frustration, magnetic anisotropy, and other features in addition
to the quantum eﬀects. The rich variety of magnetic properties present in Cu3(OH)4MO4
(M=Mo, S) systems with very similar crystal structures excite interest in the category of the
triple chain magnets.
To study the magnetic ground state of Cu3(OH)4MoO4 from a microscopic viewpoint, we
have performed 1H-NMR measurements of Cu3(OH)4MoO4.
2 Experimental
We used a newly obtained polycrystalline sample of a natural mineral of Cu3(OH)4MoO4 pur-
chased at a stone shop for this study. Because it is particularly important to check the sample
dependence of magnetic properties of natural minerals, we measured the magnetic susceptibil-
ity for the new sample using a SQUID magnetometer (Quantum Design, MPMS XL) in the
temperature range down to 2 K.
We used a conventional pulsed NMR method for the 1H-NMR measurements. NMR spectra
were obtained by recording the spin-echo intensity while sweeping the magnetic ﬁeld. Further-
more, to evaluate shift of the spectrum, we used frequency domain spectra obtained by the
Fourier transform of the spin-echo signal under a constant ﬁeld, what we call the FFT-NMR
method. The strength of the magnetic ﬁeld was calibrated by NMR frequency of 19F contained
in the sample holder. Nuclear spin-lattice relaxation time T1 was measured by the inversion
recovery method. Nuclear relaxation time T2 was obtained by measuring the spin-echo intensity
decay as a function of pulse separation τ . All NMR experiments were performed in the 1.5 –
200 K temperature range.
3 Experimental Results and Analysis
3.1 Magnetic susceptibility
Figure 1(b) shows the temperature dependence of magnetic susceptibility χ(T ) measured under
applied magnetic ﬁeld of B = 0.1 T. The obtained data are almost the same as the data reported
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Figure 1: (a) The triple chain network of Cu3(OH)4MoO4 with exchange interactions (J1 ∼
J5) and three uniform chains with identical interaction J used in analysis. Solid black circles
indicate Cu2+ carrying S = 1/2. (b) Temperature dependence of magnetic susceptibility χ(T )
measured under the applied ﬁeld of B0 = 0.1 T. Solid (red) circles show experimental data.
Dotted (blue), dashed, and dashed-dotted lines denote results of uniform chain model calcu-
lations with 2J/kB = −124 K, paramagnetic impurities, and the sum of the two components,
respectively.
in our previous study [5]: The Weiss temperature θ = −71 ± 3 K suggests the presence of
antiferromagnetic exchange interactions. A broad maximum, which is a characteristic feature
of the quasi-1D antiferromagnet, appeared at Tmax  80 K. The rapid increase below 30 K
suggests the existence of paramagnetic impurities.
Let us analyze the χ(T ) data in the same manner as presented in our previous study [5]. We
assume the triple chain to be three isolated uniform chains with identical exchange interactions
J (J1 = J2 = J5 = J and J3 = J4 = 0). The susceptibility for spin-1/2 1D HAF has been
calculated [2]. As shown in Fig. 1(b), the experimental data are ﬁtted fairly well by the sum of
the two components: 1D HAF with 2J/kB = −124 K, and 3.5 % of paramagnetic impurities.
The obtained value of J is close to the value 2J/kB = −132 K reported in our previous study
[5]. Considering that the two outer chains of a triple chain include J1-J2 alternating interactions
as shown in Fig. 1(a), the chain will have a spin gap if J1 = J2 and either one or both of the
interactions are antiferromagnetic. However, the intrinsic magnetic susceptibility of the triple
chain is hidden in the low temperature region.
3.2 1H-NMR spectrum
Temperature dependence of the ﬁeld sweep 1H-NMR spectrum measured with a constant fre-
quency of 170.3 MHz is shown in Fig. 2. At high temperatures above approximately 80 K, an
asymmetric shape of the spectrum was observed. Such a line shape is attributed to the random
distribution of crystal orientations in the sample microcrystals. We then used the point-dipole
model to calculate the dipolar ﬁeld at each of the three proton sites due to the magnetic mo-
ments on copper ions located within 24 A˚ from the proton. The length of the magnetic moment
is derived from the susceptibility data and the calculated powder pattern of the distribution is
convoluted with a Gaussian distribution function with a width (standard deviation) of 0.5 mT.
The obtained spectrum is close to the experimental data, as shown in Fig. 3.
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Figure 2: 1H-NMR spectra obtained by ﬁeld
sweep method at several temperatures with
the operating frequency of 170.3 MHz.
Figure 3: 1H-NMR spectrum at 200 K.
Experimental data are shown by the dotted
(blue) line. Dashed (red) and solid (black)
thin lines denote calculated results of powder
pattern and its convolution, respectively. A
Gaussian function with a width of 0.5 mT was
used for the convolution.
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Figure 4: Temperature dependence of the
width of the spectrum. For comparison, data
proportional to experimental χ values are also
shown by the dashed line.
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Figure 5: Temperature dependence of the
shift of 1H-NMR spectrum measured under a
constant ﬁeld of B0 = 4 T marked by (orange)
triangles. For comparison, the experimental χ
data and calculated values for uniform chain
model which were shown in Fig. 1 are also
shown.
As shown in Fig. 2, the spectrum gradually became symmetric with temperature decreasing
below approximately 80 K, accompanied by a simultaneous increase in the spectrum width.
Figure 4 shows the temperature dependence of the width as evaluated by calculation of the
second moment around the ﬁrst moment of the entire spectrum shape. The rapid increase of
the width qualitatively agrees with the temperature dependence of χ(T ) in the low temperature
region below approximately 40 K. Therefore, inhomogeneous broadening due to impurities most
likely dominates the width of the spectrum in this region.
To more precisely clarify the magnetic properties of the bulk part of Cu3(OH)4MoO4,
1H-
NMR spectrum was also measured with FFT-NMR method under B0 = 4 T. The shift was
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Figure 6: Temperature dependence of T−11 . The dashed line is drawn for comparison to show
the data proportional to experimental χT values.
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Figure 7: T−11 as a function of inverse of square-root of applied magnetic ﬁeld B0 at 200 K
(open squares), 40 K (open circles) and 4.2 K (solid circles). The right panel shows an expansion
around the data of 4.2 K.
evaluated by calculating the ﬁrst moment of the spectrum and the results are shown in Fig. 5.
In contrast to the behavior of the width, the shift showed a maximum at approximately 70
K and continuously decreased with decreasing temperature down to the lowest temperature of
1.5 K. Such behavior is qualitatively the same as that of the macroscopic susceptibility for the
uniform chain model and is related to a magnetic property from the bulk part. It is inferred that
the magnetic ground state of the bulk part has no (or little) spin gap. These results support
the validity of the antiferromagnetic chain model for Cu3(OH)4MoO4.
3.3 Relaxation Times
Temperature dependence of the spin-lattice relaxation rate T−11 measured under the applied ﬁeld
of B0 = 4 T is shown in Fig. 6. T
−1
1 continuously decreased with decreasing temperature below
200 K down to 1.5 K. We did not observe any evidence of magnetic phase transitions and of the
existence of spin gap. Figure 7 shows a plot of T−11 vs. B
−1/2
0 for three diﬀerent temperatures
in the 0.4 – 4 T ﬁeld range. The obtained T−11 data can be ﬁt by using T
−1
1 = a+ bB
−1/2
0 .
T−11 is generally expressed in terms of dynamic magnetic susceptibility χ(q, ω) and is given
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Figure 8: Temperature dependence of T−12 of
1H with RF pulse incident power of 25 W (blue)
and 99 W (red), respectively.
as follows:
1
T1
∝ T
∫
dq
∑
α=(x,y,z)
Aα(q)
χα(q, ω)
ω
,
where A(q) is the hyperﬁne coupling for wave number q, and ω is the nuclear Larmor frequency,
respectively [7]. When the system is paramagnetic, T−11 is approximately proportional to the
static (ω = 0) and uniform (q = 0) susceptibility, χT . The experimental data are in good
agreement with the χT experimental data, as shown in Fig. 6. Furthermore, it is known
that spin ﬂuctuation in a HAF shows diﬀusive dynamics at high temperatures. In a 1D HAF
system, such diﬀusive dynamics result in the ﬁeld dependence described by T−11 = a+ bB
−1/2
0
[9]. As shown in Fig. 6, we observed the above predicted temperature and ﬁeld dependences for
entire temperature and ﬁeld ranges. Therefore, it is suggested that the system is paramagnetic
and 1D diﬀusion dynamics dominate the spin relaxation mechanism even at low temperatures.
Noting that χT in Fig. 6 includes the eﬀect of impurities, we conclude that ﬂuctuation of
paramagnetic impurity enhances nuclear relaxation in the vicinity of the impurity, leading to
fast thermalization of the nuclear spin temperature through spin diﬀusion.
Figure 8 shows the temperature dependence of the nuclear spin-spin relaxation rate T−12
measured under B0 = 4 T, measured with two diﬀerent incident radio frequency (RF) pulses
powers. It is known that when the homonuclear coupling is dominant mechanism of the relax-
ation, T2 depends on the density of ﬂipped nuclei. For example, when dipolar-coupled nuclear
spin pairs are simultaneously ﬂipped by an RF pulse, the coupling does not change its sign, and
the T2 relaxation becomes faster by the “instantaneous diﬀusion.” Therefore, T2 depends on
the density of ﬂipped nuclear spins. In the case of broad-line NMR where the entire spectrum
cannot be excited with a single pulse, an RF pulse with stronger power and shorter width can
ﬂip a larger amount of nuclear spins, leading to a faster T2. As shown in Fig. 8, our results
are consistent with this picture because T2 for 99 W RF was faster than that for 25 W. Fur-
thermore, the temperature of the T−12 maximum at 40 – 50 K depends on the RF power, in
contrast to the smooth T -dependence of T−11 . This behavior is probably associated with the
inhomogeneous broadening due to impurity spins.
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4 Summary
We have studied a newly obtained sample of natural mineral Cu3(OH)4MoO4 (szenicsite) which
is characterized as S = 1/2 triple-chain antiferromagnet by susceptibility χ and 1H-NMR mea-
surements down to 2 K and 1.5 K, respectively. χ(T ) was qualitatively the same as in our
previous study [5], and was well explained by a model of three isolated spin chains with intra-
chain interaction 2J/kB = −124 K in addition to a paramagnetic contribution from impurity
moments at 3.5 % concentration.
The width and the shift of 1H-NMR spectrum measured under B0 = 4 T showed qualitatively
diﬀerent behaviors. The rapid increase of the width suggests inhomogeneous broadening due to
impurity moments below approximately 40 K. The shift showed a maximum at approximately
70 K and continuously decreased down to the lowest measured temperature of 1.5 K, suggesting
that the intrinsic magnetic susceptibility is close to the behavior of uniform antiferromagnetic
chains. It is found that the temperature and ﬁeld dependences of T1 support 1D nature of this
compound. We also found that T2 depends on the RF pulse power because of the existence of
dominant relaxation among proton spins. We found no evidence of magnetic phase transitions
and the existence of a spin gap.
In conclusion, we suggest that the intrinsic magnetic properties of triple chains in
Cu3(OH)4MoO4 in the temperature range down to 1.5 K are close to those of uniform an-
tiferromagnetic chains without a spin gap.
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